ABSTRACT: Large rotator cuff tear size and advanced muscle degeneration can affect reparability of tears and compromise tendon healing. Clinicians often rely on direct measures of rotator cuff tear size and muscle degeneration from magnetic resonance imaging (MRI) to determine whether the rotator cuff tear is repairable. The objective of this study was to identify the relationship between gene expression changes in rotator cuff muscle degeneration to standard data available to clinicians. Radiographic assessment of preoperative rotator cuff tear severity was completed for 25 patients with varying magnitudes of rotator cuff tears. Tear width and retraction were measured using MRI, and Goutallier grade, tangent (tan) sign, and Thomazeau grade were determined. Expression of myogenic-, adipogenic-, atrophy-, and metabolism-related genes in biopsied muscles were correlated with tear width, tear retraction, Goutallier grade, tan sign, and Thomazeau grade. Tear width positively correlated with Goutallier grade in both the supraspinatus (r ¼ 0.73) and infraspinatus (r ¼ 0.77), along with tan sign (r ¼ 0.71) and Thomazeau grade (r ¼ 0.68). Decreased myogenesis (Myf5), increased adipogenesis (CEBPa, Lep, Wnt10b), and decreased metabolism (PPARa) correlated with radiographic assessments. Gene expression changes suggest that rotator cuff tears lead to a dramatic molecular response in an attempt to maintain normal muscle tissue, increase adipogenesis, and decrease metabolism. Fat accumulation and muscle atrophy appear to stem from endogenous changes rather than from changes mediated by infiltrating cells. Results suggest that chronic unloading of muscle, induced by rotator cuff tear, disrupts muscle homeostasis. ß
Rotator cuff disease is a common musculoskeletal problem worldwide, affecting over 17 million individuals in the United States. 1 Full-thickness tears are present in 25% of individuals in their 6th decade of life and 50% of individuals in their 8th decade of life. 2 While not all tears are symptomatic, over 250,000 rotator cuff repairs are performed annually on symptomatic tears. 3 Chronic tears can develop muscle atrophy and fatty degeneration which, when combined with large size, can render tears irreparable. 4 Changes to the torn cuff tendons are assessed radiographically, and typical observations include measurements of cuff tendon retraction, muscle volume, and fat accumulation. While these tear and muscle characteristics can be classified, relatively little is known about the biology or timing of the degeneration.
A number of semi-quantitative grading schemes have been developed to describe rotator cuff disease, including the Goutallier grade, tangent (tan) sign, and Thomazeau grade. The most common scoring system used by clinicians to assess fatty degeneration in rotator cuff disease is the Goutallier classification/ grade. This assessment is made on T 1 -weighted oblique sagittal images. 5 Goutallier grades range from 0 to 4, with low grades (i.e., grade 0) indicative of normal muscle and high grades (i.e., grade 4) indicative of >50% fat in muscle atrophy. 5 The tan sign is a simple classification of supraspinatus muscle atrophy that is predictive of the rotator cuff tear size. 6 A positive tan sign classifies a large rotator cuff tear whereas a negative tan sign classifies a less severe rotator cuff tear. 7 The Thomazeau grading scale (1-3) classifies atrophy of the supraspinatus muscle using T 1 -weighted oblique sagittal images. 8, 9 The predictive values of the Thomazeau grade and the tan sign have been validated for atrophy with postoperative followups. 7, 8, 10 Despite the clinical significance of rotator cuff disease, little is known about the underlying biology driving the disease. Recently published studies have described changes in muscle gene expression and architecture in human rotator cuff pathology. [11] [12] [13] [14] Expression of atrophy-related genes in patients was shown to increase with large rotator cuff tears. 11 Corresponding cuff muscle biopsies from patients with full thickness tears demonstrated atrophy of myosinheavy chain 1 and 2 myofibers as well as reduced presence of satellite cells. 12 This prior study described a reduced capacity for cuff muscle cell proliferation from biopsies of full-thickness tears compared to that of biopsies from partial thickness tears. 12 Increased expression of adipogenic and fibrotic genes was also found with full thickness tears. The severity of the pathology of cuff disease has been associated with variations in gene expression profiles, particularly related to metabolic and adipogenic pathways. 13 In a different study, chronic rotator cuff tears were associated with reduced muscle fiber force and disrupted myofibril architecture. 14 In line with these recently published studies, the objective of the current study was to further elucidate the molecular drivers of rotator cuff disease and novelly their association with clinical measures of atrophy, fatty accumulation, and tear characteristics. Supraspinatus and infraspinatus muscle biopsies from patients with rotator cuff tears were obtained at the time of surgery. Expression of myogenic-, adipogenic-, atrophy-, and metabolism-related genes in biopsied muscles were correlated with tear width and tear retraction and Goutallier grade, tan sign, and Thomazeau grade. We hypothesized that expression of adipogenic and atrophy markers would be correlated with increased degeneration/tear severity and that expression of myogenic/metabolism-related markers would be negatively correlated with increased degeneration/tear severity. The strength of these correlations will influence the level of confidence in the currently accepted clinical assessments of rotator cuff disease and also advance our knowledge of the biology of rotator cuff disease.
METHODS

Study Participants
The study was approved by the Institutional Review Board. Patients (N ¼ 25) who were scheduled for arthroscopic rotator cuff repair of the supraspinatus tendon by a single surgeon (LG) were included in the study. Inclusion criteria were: Age 40-70, painful shoulder for at least 6 months, high quality MRI imaging obtained within 3 months of the surgery, and surgical indication for arthroscopic rotator cuff repair. Exclusion criteria were: Neuromuscular disorder, history of cervical spine pain or radiculopathy, previous cervical spine or shoulder surgery, rheumatoid arthritis or other inflammatory arthropathy, and acute traumatic tear.
MRI-Sourced Data
Tear width and tear retraction were measured from T 2 -weighted images along the largest dimension and confirmed at the time of surgery. Consistent with how tears are measured and communicated by orthopaedic surgeons, we measured tear size from the anterior aspect of the supraspinatus tendon tear to the posterior aspect of the tear. If the tear was large enough, it spanned the width of the supraspinatus tendon and into the infraspinatus tendon. This is the most clinically relevant way to measure tear width based on the typical progression of tears and anatomic studies demonstrating blending of fibers from the two tendons (i.e., there is no clear anatomic demarcation separating supraspinatus and infraspinatus tendons).
Goutallier grade for the supraspinatus and infraspinatus was determined on T 1 -weighted oblique sagittal images. indicates more fat than muscle. 5, 15 The tan sign is a classification of supraspinatus muscle atrophy that is predictive of the rotator cuff tear size. 6 A line was drawn through the superior borders of the scapular spine and coracoid on T 2 -weighted oblique sagittal images. If the supraspinatus muscle does not cross this line, then the tangent sign was determined to be positive. If the muscle does cross the line, the tangent sign was determined to be negative. A positive tan sign classifies a large rotator cuff tear whereas a negative tan sign classifies a less severe rotator cuff tear. 7 In five patients, it was not possible to determine whether the supraspinatus muscle clearly crossed the line or not. Atrophy was assessed by determining the percentage of the supraspinatus fossa occupied by the supraspinatus muscle, as described by Thomazeau. 8, 9 In this assessment, a ratio is determined of the volume the supraspinatus muscle relative to the supraspinatus fossa. If the ratio is between 0.6-1.0, a Thomazeau grade of 1 is assigned, representing normal to slight atrophy. A ratio between 0.4-0.6 represents a grade of 2 (moderate atrophy) and a ratio below 0.4 represents a grade of 3 (severe atrophy). [8] [9] [10] Assessment of tear width, tear retraction, Goutallier grade, tan sign, and Thomazaeu grade were performed by LG.
Muscle Biopsies
Approximately 50-200 mg of supraspinatus (SS) muscle and infraspinatus (IS) muscle were biopsied at the time of rotator cuff repair by the surgeon (LG). Within the limits of our approved IRB protocol and to maximize the potential of successful rotator cuff repair, a limited amount of rotator cuff muscle was taken. Biopsies were obtained after the arthroscope was placed into the subacromial space. The muscle bellies were biopsied under direct visualization with an arthroscopic tissue grasper. A shaver was first used to gently debride the fascia and the belly of the supraspinatus muscle followed by the infraspinatus muscle were biopsied about 1 cm proximal to their tendons. In retracted tears, a stay suture was passed through the torn tendon and used to place lateral traction in order to bring the muscle belly into the surgical field. After biopsy extraction, specimens were immediately flash frozen in liquid nitrogen and placed into a À80˚C freezer.
Gene Expression
For gene expression analysis, supraspinatus and infraspinatus muscle biopsies were individually pulverized using a liquid nitrogen-cooled homogenizer (Braun Mikrodismembrator, Bethlehem, PA). RNA was immediately isolated using Trizol (Thermo Fisher, St. Louis, MO) and the RNeasy Mini Kit (Qiagen, Valencia, CA) according to manufacturer's protocol. RNA yield was quantified using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA) and 500 ng of RNA was reverse transcribed to cDNA using the Superscript VILO cDNA synthesis kit (Invitrogen, Carlsbad, CA) following manufacturer's instructions. Quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR) with 20 ng of cDNA per reaction was performed on using TaqMan probes (Applied Biosystems, Foster City, CA) on a Fluidigm BioMark HD (San Francisco, CA) system to evaluate 16 genes (Table 1) . Gene expression changes were measured for genes related to myogenesis (Myog, Myod1, Myf5, Mstn), adipogenesis (CEPBa, PPARg, Letpin, LPL, Wnt10b), inflammation (NFkB, Bcl3), metabolism (PPARa, PPARg-c1a), atrophy (FBXO32), and housekeeping (RPL13a, Gapdh). The 2 ÀDCt method was used for data analysis, with expression normalized to the housekeeping gene RPL13a.
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Statistics
Data are presented as mean AE standard deviation. Correlations and significance tests were performed in SYSTAT (Systat Software, Inc., San Jose, CA) with p < 0.05 considered significant. For nominal (continuous) variables, such as gene expression, tear width, tear retraction, and age, hypothesisbased tests with Pearson's correlation were used. For the categorical variables (Goutallier grade, tan sign, Thomazeau grade, and gender), Spearman's rank correlation was calculated, with significance determined using an ANOVA. Only significant correlations are reported throughout this study.
RESULTS
Demographics of Study Participants
The mean age of the participants at the time of surgery was 58.2 AE 6.7 years old (N ¼ 15 males, N ¼ 10 females, Table 2 ). Severe muscle atrophy and muscle retraction precluded obtaining biopsies from the supraspinatus muscles of Patient #11 and #16 and from the infraspinatus muscles of Patient #1 and #4.
Association of Rotator Cuff Tear Characteristics With Goutallier Grade, Tan Sign, and Thomazeau Grade
The average width of the supraspinatus rotator cuff tendon tear, measured at the anatomic attachment point, was 20.7 AE 11.8 mm (range ¼ 5-40 mm). Tendon retraction, measured as the distance from the torn supraspinatus tendon end and its anatomic attachment point on the humeral head, was 23.0 AE 14.4 mm and (range ¼ 5-52 mm). The tan sign was positive in 14 patients, negative in 6 patients, and could not be determined in 5 patients. The Goutallier grades for the supraspinatus and infraspinatus and the Thomazaeu grade for patients are reported in Table 2 .
Tear retraction was positively correlated with tear width (r ¼ 0.92, Fig. 1A ). There was a weak but significant correlation between the Goutallier grade of the supraspinatus and patient age (r ¼ 0.49, Fig. 1B ).
The Goutallier grade of the infraspinatus was not significantly correlated with patient age.
The Goutallier grade for the supraspinatus (SS) and infraspinatus (IS) positively correlated with tear width and tear retraction (SS: r ¼ 0.73, tear width; r ¼ 0.60, tear retraction; IS: r ¼ 0.77, tear width; r ¼ 0.79, tear retraction; Fig. 2) . A positive tan sign was correlated to a higher Goutallier grade in the SS (r ¼ 0.57) and IS (r ¼ 0.72, Table 3 ). A positive tan sign was correlated to higher Thomazeau grades (r ¼ 0.83). The Thomazeau grade and the Goutallier grade were significantly correlated (Fig. 3) . Increased Thomazeau grade was correlated to higher Goutallier grade in the SS (r ¼ 0.65) and IS (r ¼ 0.84). For the SS, a positive tan sign compared to a negative tan sign was correlated to greater tear retraction (29.5 vs. 11.2 mm) and greater tear width (25.4 vs. 9.7 mm, Fig. 3 ).
Association of Goutallier Grade, Tan Sign, and Thomazeau Grade With Muscle Gene Expression Genes related to myogenesis, adipogenesis, atrophy, and metabolism were evaluated from RNA extracted from rotator cuff muscle biopsies. Expression of the myogenesis-related gene, Myf5, in the SS was weakly and negatively correlated with SS Goutallier grade (r ¼ À0.38, Fig. 4A ). There were no significant correlations between myogenesis-related genes Myog, Myod1, and Mstn and Goutallier grade, tan sign, and Thomazeau grade. Expression of the adipose marker Lep was positively correlated with Thomazeau grade (r ¼ 0.62, Fig. 4B) . Expression of the adipogenic gene CEBPa expression in both the SS and IS was positively correlated with increased Thomazeau grade (SS: r ¼ 0.56, IS: r ¼ 0.42, Fig. 4C ). There were no significant correlations between adipogenesis-related genes PParg and LPL and Goutallier grade, tan sign, and Thomazeau grade. Expression of atrophy-related genes NF-kB, Bcl3, and FBXO32 genes and the metabolism- Fig. 5 ).
DISCUSSION
The current study investigated the relationship between Goutallier grade, tan sign, and Thomazeau grade with tear characteristics and gene expression changes. Tear width was positively correlated with all radiographic assessments. The strength of these correlations supports the relevance of the three classification variables (Goutallier grade, tan sign, and
Thomazeau grade) to describe rotator cuff disease severity. Rotator cuff disease, as measured by these radiographic assessments, were correlated with decreased myogenesis, increased adipogenesis, decreased metabolism, and increased atrophy, 16 supporting the role of these molecular events in the disease. Individual muscle involvement can be inferred based on anatomical work by Mochizuki et al. 17 Expression of Myf5 was negatively correlated with SS Goutallier grade, suggesting a significant myogenic response of the muscle with increasing tear size. Myf5 (myogenic regulatory factor 5) is expressed in satellite cells in muscle, but not in the myonuclei of myofibers. 18 Myf5 has an important role in the development of skeletal muscle and is the first transcription factor 
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in the cascade that regulates differentiation of muscle precursor cells. [18] [19] [20] Reduced Myf5 expression may result in a reduced ability of satellite cells to differentiate into muscle cells and maintain homeostasis in the muscle. Expression patterns of Myf5 in animal models of rotator cuff injury are not similarly negatively correlated. Previous work has shown that expression of Myf5 was upregulated following rotator cuff injury both acutely (3-21 days) and following a period of chronic degeneration (8-16 weeks) . 16, 21 In sheep, expression of Myf5 was also increased following rotator cuff injury of more than 24 weeks. 22 Gene expression changes following rotator cuff injuries in animal models may not represent the chronic nature of rotator cuff disease in humans. Consistent with the current study, Choo et al. found that expression of Myf5 was decreased in biopsied SS muscle from patients with full thickness tears compared to biopsies from patients with intact tendinopathic rotator cuffs. 13 The discrepancy between clinical findings and that of animal studies may be explained by acute increases in myogenesis-related genes as an initial healing response to the injury in animal models. In the clinical setting, it is unclear how long the patient(s) have maintained a cuff tear before evaluation. For example, it is possible that patients with high Goutallier grades have maintained their cuff injuries longer than those patients with low Goutallier grades.
Unlike myogenesis, increased adipogenesis has been linked to increased muscle atrophy in animal models of rotator cuff injury, consistent with patient data in the current study. CEBPa is a highly expressed transcription factor in adipose tissue and has an important role prompting adipose precursor cells to differentiate into mature adipocytes. 23 Expression of CEBPa was upregulated following rotator cuff injury in both rodent and sheep models. 16, 21, 22 Increased expression of CEBPa in both SS and IS muscles was correlated with increased atrophy, which may suggest that adipocyte activation could have contributed to reduced muscle volume. Leptin is a marker for adipogenesis that was previously shown to increase in animal rotator cuff injury models. 16, 21 In the current study, expression of Leptin was positively correlated with increased Thomazaeu grade, consistent with previous findings in animal studies.
Expression of metabolism-related PPARa and adipogenesis-related Wnt10b were negatively correlated with tear width in the current study. A similar decrease in Wnt10b was previously observed in biopsied muscles from full-thickness tears. 13 Reduced Goutallier grade  0  1  0  3  5  1  6  8  3  1  2  3  3  --3  1  0  --4  3  3  --Thomazeau grade  0  -6  1  7  -2  2  -3 expression of PPARa indicates a decreased uptake of free fatty acids by mitochondria. 24 Decreased expression of Wnt10b may be indicative of transdifferentiation of myoblasts into adipocytes. 25 In the current study, increased severity of rotator cuff disease was correlated with reduced differentiation potential of satellite cells into myoblasts, increased adipogenesis, and greater amounts of adipose tissue potentially due to reduced clearing of free fatty acids by mitochondria and increased number of adipocytes.
Changes in gene expression in the current study were observed primarily in the SS muscle, and not in the IS muscle. This is likely because the sustained tears were localized to the SS tendon. Differences between the levels of fat accumulation and muscle atrophy in SS and IS muscles have been previously reported. 26 An increase in SS tear width was shown to influence the mechanical properties of the infraspinatus tendon. 27 In the current study, degeneration had a larger impact in the supraspinatus muscle, with muted effects on the infraspinatus muscle. This may be the result of initiation of degenerative tears within the rotator cable and progression of the tears in an anterior and posterior fashion, leaving the SS mechanically unloaded to a greater extent and for a greater length of time compared to the IS, even in the setting of a larger tear. 28 The current study had a number of limitations. First, massive rotator cuff tears are often irreparable, and therefore only a limited number of patients with Goutallier grades of 3 or 4 were included, as they were not indicated for surgery. Second, control muscle biopsies from uninjured cuffs were not included in the study given the invasiveness of the arthroscopic approach. Alternatively, we decided not to take "healthy" tissue biopsies from shoulders with intact rotator cuffs, as access to that tissue would only be available if the patient had a different shoulder pathology, making the comparison to rotator cuff tear patients problematic. Despite these limitations, the study design included a large range of tear sizes and levels of degeneration. Therefore, the omission of healthy muscle was not a major concern. Third, gene expression does not always correlate with protein production, so results should be interpreted in this context. Fourth, given the size of muscle biopsies (50-200 mg wet weight) only a small set of genes were tested and future studies could include further analyses (e.g., biochemical analyses for quantifying collagen or free fatty acid levels, histological analyses, protein level analysis). The genes PPARa, PPARg, and C/EBPa have multiple roles in cells, but have primarily been associated with adipogenesis. Similarly, the myogenic genes we examined are expressed in multiple cell types. Further mechanistic study is necessary to define the roles of these genes and associated myogenic and adipogenic pathways in rotator cuff disease. Fifth, fatty accumulation and fibrosis is typically heterogeneous across the muscle, and biopsies could only be taken from one region. Biopsies were obtained from a similar location in all patients, limiting possible location-dependent variations. 
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Results from this study further establish the validity of three clinical measures of rotator cuff disease and also help define the molecular underpinnings of rotator cuff disease. Muscle atrophy and fat accumulation play important roles in rotator cuff disease; direct and MRIbased measurements of these outcomes correlated well with gene expression changes, supporting the continued use of the classification systems and also identifying possible therapeutic targets. The gene expression changes investigated in this study indicated a potential for reduced myogenesis, increased adipogenesis and fatty acid production, and increased adipogenesis. Our results substantiate a role of chronic unloading of muscle tissue, via rotator cuff tendon tear, on rotator cuff disease and its effects on muscle homeostasis at the molecular level.
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